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Normally all manufacturing and fabrication processes introduce residual stresses in a component. These stresses exist even after all service or
external loads have been removed. Residual stresses have been studied elaborately in the past and even in depth research have been done to
determine their magnitude and distribution during different manufacturing processes. But very few works have dealt with the study of residual
stresses formation during the casting process. Even though these stresses are less in magnitude, they still result in crack formation and subsequent
failure in later phases of the component usage. In this work, the residual stresses developed in a shifter during casting process are ﬁrst determined
by ﬁnite element analysis using ANSYSs Mechanical APDL, Release 12.0 software. Initially the analysis was done on a simple block to
determine the optimum element size and boundary conditions. With these values, the actual shifter component was analyzed. All these
simulations are done in an uncoupled thermal and structural environment. The results showed the areas of maximum residual stress. This was
followed by the geometrical optimization of the cast part for minimum residual stresses. The resulting shape gave lesser and more evenly
distributed residual stresses. Crack compliance method was used to experimentally determine the residual stresses in the modiﬁed cast part. The
results obtained from the measurements are veriﬁed by ﬁnite element analysis ﬁndings.
& 2015 Society of CAD/CAM Engineers. Production and hosting by Elsevier. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Residual stresses are developed during the solidiﬁcation
process due to the temperature gradients between different parts
of casting or due to the mechanical constraints imposed by the
mold during shrinkage of the cast metal and volumetric change
and transformation plasticity associated with the solid state
phase transformation according to Chandra [1]. A complex
geometry means more internal sections which take longer to
cool. Therefore, initially these sections are loaded compres-
sively. This change to tensile loading as it contract within the
already cold outer part. This increases the magnitude of tensile
residual stresses produced on cooling of the cast.Since the
residual stresses can increase or decrease the fatigue life of a
component [2], an interest on its consideration during the design
process has grown in the foundry industry. This paper presents a/10.1016/j.jcde.2015.10.003
15 Society of CAD/CAM Engineers. Production and hosting by E
mmons.org/licenses/by-nc-nd/4.0/).
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ss: shgawande@gmail.com (S.H. Gawande).comparison of residual stress development between parts that
has not undergone topology optimization processes.
The magnitude and distribution of residual stresses in a
component or structure is a signiﬁcant source of uncertainty in
mechanical engineering design as it affects subsequent
machining, life prediction and assessment of structural relia-
bility. Residual stresses are generated due to almost all
manufacturing and fabrication processes and can also arise
during service; they will occur under any set of circumstances
that leads to differential expansion or contraction between
adjacent parts of a body so that the local yield strength exceeds
the material value. Their inﬂuence depends on the magnitude,
sign and extent relative to the controlling geometry. It is also
associated with a particular mode of failure. Interpretation and
optimization of residual stresses in terms of manufacturing
history and service performance would mean better materials
fabrication, processing and usage.
This work deals extensively with the simulation of residual
stresses. Hence a lot of literature has been studied to model the
optimum ﬁnite element (FE) problem. Liu et al. [3] have studiedlsevier. This is an open access article under the CC BY-NC-ND license
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and residual stresses in shaped casting. Ragab et al. [4] have used
a coupled thermo-mechanical ﬁnite element model to simulate the
die casting process. The simulation models show the effect of
thermal and mechanical interaction between the casting and the
die. It also includes the temperature dependent material properties
of the casting. Metzget et al. [5] have studied a method to
efﬁciently predict residual stresses in foundry product by FEM.
Vijayaram et al. [6] have studied casting solidiﬁcation simulation
process which was used to identify the defective locations in the
castings from the generated time–temperature contours. Afazov et
al. [7] studied FE prediction of residual stresses of investment
casting in a bottom core vane under equiaxed cooling and
presented an investment casting simulation of the same to ﬁnd
the residual stresses. Xue et al. [8] did the numerical simulation of
casting thermal stresses based on ﬁnite difference method using a
three-dimensional code which was developed for solving thermal-
elastoplastic stress problems during solidiﬁcation process. Koric et
al. [9] applied a three-dimensional transient explicit ﬁnite-element
method to simulate the coupled and highly-nonlinear thermo-
mechanical phenomenon that occurs during steel solidiﬁcation in
continuous casting of thin slabs in a funnel mold. Afazov et al.
[10] presented a ﬁnite element simulation of an investment casting
of a high pressure turbine blade under directional cooling.
In this work a shifter, as shown in Fig. 1, is taken as component
of interest as it is a precision cast part. It is a component of four
wheeler transmission system. This part seems to develop cracks
during its service which has been credited to fatigue. Since
residual stresses cause these crack formation under fatigue, the
component is studied and analyzed for residual stresses.
The objective of this work is to simulate the formation of
residual stresses during casting of a shifter and to identify the
areas of maximum impact. The second objective was to
modify the shape of the shifter so that lesser residual stresses
may be developed during casting without affecting the func-
tional integrity of the component.2. Methodology
This work started with setting up a numerical problem to
determine the residual stresses using a simple block analogous toFig. 1. Shifter (cast part to be studied).the shifter. The block is treated as the casting and an enclosing
bigger block, with exact cavity is considered as the mold. Since
the residual stresses in the castings develop due to temperature
gradients and structural constraints, the problem has to be deﬁned,
considering both thermal and structural loads. This is done in two
phases, namely, before-shake-out and after-shake-out. In before-
shake-out phase it is considered that the heat ﬂows during pouring
of molten metal into the sand mold at room temperature. In after-
shake-out phase, the mold is removed and the cast is allowed to
cool by itself at atmospheric conditions. Thus the heat ﬂow
between the cast and atmosphere is considered. In addition to the
thermal analysis, this phase also considers determining the
structural stresses developed due to the two temperature gradients
obtained in the above steps.
The block model is ﬁrst put through the simulation to get the
optimum mesh pattern and element size. Then, the same
conditions are applied to the shifter. Depending on the stress
ﬁeld, the next step is to determine the optimum geometry of
the shifter which will result in lesser residual stresses while
maintaining the functional integrity of the shifter. To validate
the results, the modiﬁed shifter is tested experimentally using
crack compliance method. This method gives strain values
which have to be converted to stress. The complete methodol-
ogy can be summarized as shown in Fig. 2.
3. Finite element modeling and analysis
The residual stresses are obtained by solving a two stage
problem. In ﬁrst phase, the temperature distribution is deter-
mined by cooling the component and in second phase, this
prescribed temperature history is used to ﬁnd the developed
residual stresses by an elastoplastic analysis. The governing
equations of these two phases are presented below. These
equations form the very basis for the ﬁnite element analysis.
Consider a block analogous to casting (shifter) as shown in
Fig. 3. The length of the block is much larger than the width,
so that heat transfer occurs through the area A only. Assuming
ρ as the block density and isobaric speciﬁc heat as cp (since
casting process will be at constant pressure), consider a small
element of length Δx at a distance x from the origin. An energy
balance on this thin element during a small time interval can be
expressed as follows.
Rate of heat conduction at xð Þ Rate of change of the energyð
content of the element atxþ ΔxÞ
¼
Rate of change of the energy
content of the element
 !
Qx
:
QxþΔx
:
¼ ΔUelement
Δt
ð1Þ
where, the change of energy content ΔU can be given by:-
ΔUelement ¼UtþΔtUt
ΔUelement ¼m:cp TtþΔtTtð Þ
ΔUelement ¼ ρ:A:Δx:cp TtþΔtTtð Þ ð2Þ
Fig. 2. Methodology for study.
Fig. 3. Notations to be used in heat conduction equation.
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Substituting in Eq. (1)
Qx
:
QxþΔx
:
¼ ρ:A:Δx:cp TtþΔtTtð Þ
Δt
ð3Þ
Dividing throughout by A.Δx and separating the variables,
we get,
 1
A
QxþΔx
:
Qx
:
Δx
 !
¼ ρ:cp
TtþΔtTtð Þ
Δt
ð4Þ
Taking limits as Δx-0 and Δt-0 on the above equation,
lim
Δx-0
 1
A
QxþΔx
:
Qx
:
Δx
 !" #
¼ lim
Δt-0
ρ:cp
TtþΔtTtð Þ
Δt
 
ð5Þ
Therefore,
 1
A
∂ _Q
∂x
¼ ρ:cp
∂T
∂t
ð6Þ
But from Fourier’s law of heat conduction, we get the
following equation,
Q¼ kA ∂T
∂x
ð7Þ
Substituting back in Eq. (6) and on rearranging, we get,
1
A
∂
∂x
kA
∂T
∂x
 
¼ ρ:cp ∂T∂t ð8ÞSince speciﬁc heat is related to the temperature dependent
enthalpy by the following equation,
cp ¼
∂EðTÞ
∂T
ð9Þ
On substitution in Eq. (8), we get,
∂
∂x
kA
∂T
∂x
 
¼ ρ ∂EðTÞ
∂T
:
∂T
∂t
ð10Þ
Therefore,
ρ
∂E
∂T
:
∂T
∂t
¼ k ∂
2T
∂x2
ð11Þ
Or Eq. (11) can be modiﬁed using gradient and divergence
operators as,
ρ
∂E
∂t
¼ k:div ∇T½  ð12Þ
where,
∇T ¼ ∂T
∂x
3iþ ∂T
∂y
3jþ ∂T
∂z
3k ð13Þ
divð∇TÞ ¼ ∂
2T
∂x2
þ ∂
2T
∂y2
þ ∂
2T
∂z2
ð14Þ
This is done in order to consider the heat ﬂow in all three
directions. The solidiﬁcation heat transfer system considered in
the analysis includes one important component called the latent
heat of the casting alloy. The latent heat (L) is released when
the temperature of the casting metal falls in the solidiﬁcation
range and the phase change occurs [11]. Enthalpy method [12]
is used to incorporate the effect of latent heat in the
calculations. The essential feature of the basic enthalpy method
is that the evolution of the latent heat is accounted for by the
enthalpy as well as the relationship between the enthalpy and
temperature. The relationship between the enthalpy and
temperature can be deﬁned in terms of the latent heat release
characteristics of the phase change material. This relationship
Fig. 4. Enthalpy as a function of temperature for non-isothermal phase change.
Table 1
Geometrical and material properties for cast and mold.
S. no. Property Value
1 Cast volume 102.65 cm3
2 Cast Young's Modulus 126 GPa (109 N/m2)
3 Cast Poisson's ratio 0.33
4 Cast Yield strength 28 GPa (109 N/m2)
5 Cast density 7850 kg/m3
5 Cast conductivity 40 W/mK
6 Cast speciﬁc heat 800 J/kgK
7 Cast latent heat 215,000 J/kg
8 Cast secant coefﬁcient 1.2e5/K
9 Mold volume 1000 cm3
10 Mold conductivity (sand) 1.1 W/mK
11 Mold speciﬁc heat (sand) 1074 J/kgK
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phase change cases.
Fig. 4 shows the enthalpy temperature curves for such a
case. The enthalpy as a function of temperature is given by
Eq. (15) [12] as follows:-
E¼
csT ::::::::::::::::::::::::::::::::::::::::ToTs
cinTþL TTsð ÞTlTsð Þ ::::::::::::TsrTrTl
clTþLþcin TlTsð Þ:::::::::::::TZTs
8><
>: ð15Þ
where,
cin ¼
R Tl
Ts
cðTÞdT
 
þL
h i
TlTsð Þ
ð16Þ
where Tl is liquidus temperature and Ts is solidus temperature,
cs is speciﬁc heat capacity at constant pressure for solid phase,
cl is speciﬁc heat capacity at constant pressure for liquid phase
and cin is speciﬁc heat capacity at constant pressure for solid–
liquid interface [12]. Thus Eqs. (12) and (14) serve as heat
diffusion equations and are used by ANSYS solver to calculate
the temperature distribution. For solving these equations the
boundary conditions are taken as those of convection and
radiation. On the surface of the cast, heat ﬂow occurs by
convection and radiation given by following equations:-
q¼ k2ðTA–TBÞ ð17Þ
q¼ sT4 ð18Þ
where, k2 is convection coefﬁcient and s represents the Stefan
Boltzmann constant, TA is the temperature at the mold surface
and TB is the surrounding air or sink temperature. In this
problem, all material properties are assumed to be constants as
shown in Table 1. This solution completes the ﬁrst phase of the
problem.
In the next phase, the residual stresses are obtained by an
elastoplastic analysis. The equilibrium equation for stresses in
the body with stress tensor s can be given by Eq. (19). The
boundary conditions for this are given by Eq. (20).
divs¼ 0 in Ω ð19Þu1 ¼ 0 on Γs
u2 ¼ 0 on p ð20Þ
The constitutive laws are given by temperature dependent
J2-plasticity, given by Eq. (21). Eqs. (22) to (26) give the
supplementary equations.
f s;Tð Þ ¼
ﬃﬃﬃ
3
2
r
s : sð Þ1=2HεpþY0r0 ð21Þ
ε¼ 1
2
∇uþ ∇uð ÞT	 
 ð22Þ
s¼D εεpεT  ð23Þ
εT ¼ αIðTT0Þ ð24Þ
εp
:
¼ γ ∂f
∂s
ð25Þ
εp ¼
Z t
0
ﬃﬃﬃ
2
3
r
Jεp
:
Jdt ð26Þ
Here, u is the displacement, D¼D(T) is the elastic tensor,
α is the thermal expansion parameter, s is the deviatoric stress,
H¼H(T) is the linear hardening parameter, Y0¼Y0(T) is the
initial yield stress and γ is the plastic multiplier. Eqs. (12)–(16)
deﬁne the complete solidiﬁcation procedure and the subse-
quent development of residual stresses.
The complete ﬁnite element model was created and meshed
in ANSYS 12.0. To get the most accurate mesh pattern and the
optimum element size, a simple cast block is taken as an
example. The element type selected for residual stress analysis
is SOLID 227 as it is a coupled ﬁeld element with 10 nodes,
each node having ﬁve degrees of freedom. It is a quadratic
element type with a pyramid shape and supports structural as
well as thermal loads. After three iterations, the element size
for the cast and mold were selected as 2.3 mm and 4 mm
respectively. Fig. 5(a) shows the fully meshed shifter. The
material for the shifter and the sample block is taken as cast
steel. The geometrical and material properties for the shifter
cast and mold are given in Table 1. In both the original and the
sample block, mold is taken as a simple cube surrounding the
Fig. 5. (a, b): Mesh pattern of shifter and assembly using half symmetry boundary conditions.
Fig. 6. (a, b): Convective thermal boundary conditions and structural boundary conditions.
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casting. The mold material is taken as sand. Half symmetry
boundary conditions are used in the analysis to reduce time
and memory required for computation. Fig. 5(b) shows the
shifter and cast assembly mesh utilizing the half symmetry
boundary conditions. The analysis procedure involves follow-
ing three steps.3.1. Before shake out (thermal analysis)
In this phase analysis of the heat ﬂow that takes place when
the molten metal (at temperature 1400 1C) is poured into the
sand mold at room temperature (25 1C) is done. Due to the
high temperature gradient, heat transfer occurs by all the three
modes, i.e. conduction, convection and radiation. Conduction
takes place between the external surface of the casting and the
inner surface of the mold cavity. Convection and radiation take
place between the external surface of the mold and theambient. Thus three types of loads were given on the shifter
and mold outer walls. The symmetry face was given insulation
boundary conditions as the temperature distributions will be
mirrored across this face and hence it will not directly
participate in the heat transfer through convection or radiation.
The boundary conditions are as shown in Fig. 6(a). Thus a
transient thermal analysis is simulated for 8 h of mold ﬁlling
and cooling time with these boundary conditions in ANSYS
12.0. Time step size was taken as 10 s which meant time
incremented in steps of 10 s. The thermal result ﬁle obtained
from this phase was saved as ‘before.rth’ and was used later.3.2. After shake out (thermal analysis)
In this phase, the mold was removed and the cast was
allowed to cool by itself in atmosphere. Thus the heat transfer
takes place only by convection and radiation between the
surface of the cast and the ambient temperature. The current
A.A. Keste et al. / Journal of Computational Design and Engineering 3 (2016) 140–150 145temperature distribution is governed by the previous step and
thus the before.rth ﬁle was read as temperature ﬁeld input. In
this case temperature dependent ﬁlm transfer coefﬁcients were
used and the hot cast was kept for cooling in atmospheric
condition for 12hours. Same time step size was used. Again
the thermal result ﬁle was saved as after.rth and would be used
as input in structural analysis.3.3. Structural analysis
This is the ﬁnal step of the procedure and composed of ﬁnding
stresses developed due to the temperature gradients obtained in
the two previous steps. In this step structural boundary condi-
tions were given to the shifter to ﬁx its position in space so that
no rigid body motions were possible. For this purpose, one node
in a plane parallel to x–z plane, at coordinates (0,45,0) was
completely ﬁxed. Another node at coordinates (0,45,35) was
ﬁxed only along x and y directions. Degree of freedom along z
direction was left unconstrained to allow for free shrinkage. A
third node at coordinates (50,45,0) was ﬁxed in z and y
directions. Now degree of freedom along x direction was left
unconstrained. These structural constraints simulated the actual
mold conditions and are shown in Fig. 6(b) below.
The resultant temperature distribution after the two thermal
analyses is plotted as shown in Fig. 7(a). Here the temperature
range varies from 25.02 1C to 32.432 1C. This is the condition
20 h after ﬁlling the mold, i.e. after shakeout. As it is clear from
the plot, the temperature is highest in the middle of the cast due
to differential cooling. The result of the structural analyses was
taken as a plot of von-mises stress shown in Fig. 7(b). The
ﬁgure shows the stresses developed due to differential cooling
of the cast and the structural constraints imposed by the mold.
This is done by considering complete absence of external
structural loads. As it can be seen from the von-mises plot,
the maximum values of stresses were obtained as 7.015 Eþ9 N/
m2. This is located at the top surface of the slot. Higher valuesFig. 7. (a) Nodal temperature distribution 20 h after ﬁlling the mowere also obtained at locations where the heat transfer was
obstructed due to intricate geometry. This ﬁnite element analysis
provided the basis for the next step of work i.e. optimizing the
shape of shifter for minimum residual stresses.
4. Optimization for minimum residual stress
The main objective of this paper is to identify the areas of
maximum residual stresses as crack formation starts in these
areas. After identiﬁcation of these areas, shape optimization
process is started. The problem was to optimize the shape of the
component to minimize the residual stress developed, subjected
to the constraints of functionality and manufacturability. It is a
non-linear, multiple variable optimization problem with compo-
nent shape as the design vector and residual stresses as objective
function. Several iterations are done to get the optimum shape
while keeping the functionality and formability of the compo-
nent intact. The iterations were stopped once further modiﬁca-
tions resulted in complicated geometries which in turn indicated
difﬁculties during casting or increase in production costs. The
three dimensional model of the modiﬁed geometry is as shown
in Fig. 8. The different modiﬁcations can be easily spotted on
comparison with Fig. 1 which shows the original geometry. Fig.
9 shows the manufactured part.
This new geometry is subjected to the same thermal and
structural boundary conditions as before and ﬁnite element
analysis is done to get the von mises plot as shown in Fig. 10.
The maximum values are obtained as 6.352Eþ9 N/m2. On
comparison with Fig. 7(b), the results clearly show a decrease
in the stress throughout the cast. Also the stress distribution is
more uniform.
5. Experimental validation
The numerical work is validated by using crack compliance
method, also known as incremental slitting method. It isld. (b) Residual stresses developed in the original component.
Fig. 8. Modiﬁed shape of shifter.
Fig. 9. Modiﬁed shifter after manufacture.
Fig. 10. Residual stresses developed in the modiﬁed component.
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survey is done before selecting this method though various
other residual stress measurement techniques are available.
This method involves the determination of a residual stress by
successive extension of a slot and measurement of the resulting
strains or displacements [14,15]. It is a destructive technique
but has increased spatial resolution for residual stresses and
increased sensitivity to low stresses. The basic principle of this
technique is that the slit will be cut incrementally with depth
(x-direction) and simultaneously the residual stresses will
release on the plane normal to the slit (y–z). Strain gauges
mounted on this plane will measure the strain change caused
by this stress release after every increment [14].6. Experimental setup
The schematic of the experimental setup is as shown in Fig.
11. The setup is made for strain gauge measurements. The
strain gauges are connected to NI 9219 4-Channel, 24-Bit,
universal analog input module using tape wires. The NI 9219
input module is loaded on NI cDAQ-9171 chassis which inturn is connected to the laptop. In this method, a slot or cut is
ﬁrst made into the component using EDM wire cutting
technique. It is known that every manufacturing process will
induce some residual stresses in the component. Since the
magnitude of residual stresses is important in this procedure,
any contamination due to milling or slitting operations would
have resulted in faulty readings. But in case of EDM wire cut,
material is removed by spark erosion resulting in almost zero
change in residual stress. Therefore it is selected for introdu-
cing the slot.
The ﬁrst step involved is preparation of shifter surface for
sticking strain gauges. In this work strain gauges of resistance
350 Ω with gauge factor 2.02 are used. The surface is normal
to the direction of cut. The surface is hand ground slowly using
sand paper so that no additional stresses are introduced. Then it
is cleaned using acetone to remove any oil or burrs. Strain
gauges were positions and stuck using instant glue. They are
placed along y and z directions. Strain gauge electrical
connections are made from NI 9219 4-Channel, 24-Bit,
universal analog input module using tape wires. Yellow and
Fig. 11. Schematic of the experimental setup.
Fig. 12(a, b). Wire connections from strain gauges to NI 9219universal analog input module.
Table 2
Speciﬁcation on NI 9219 data acquisition system.
S. no. Parameter Speciﬁcation
1 Brand make National instruments
2 No. of channel 4
3 Type of ADC Delta–sigma
4 Sampling mode Simultaneous
5 Maximum sampling 51.2 k/s per channel
5 Voltage input 5 V
6 Dynamic range 102 dB
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blue and purple connected to the strain gauge along z direction.
Proper water prooﬁng was done using silicon glue. These
connections are as shown in Fig. 12(a) and (b). Fig. 12
(a) shows the connections from strain gauges and Fig. 12
(b) shows connections to NI module. Table 2 shows the
speciﬁcations for the NI data acquisition system.
The NI 9219 module was connected to NI cDAQ-9171
chassis. The chassis and the laptop are connected with USB
cable. These electrical connections ensure that strain measure-
ments happen continuously and are recorded simultaneously.
The programming for the strain measurement using NI 9219
was done for the two strain gauges using NI LabVIEW 2013.
This is as shown in Fig. 13.
Quarter bridge conﬁgurations are considered for each case
separately. Destinations for saving ﬁles, output graph modesand scale factors are also set. The connections are checked
using a counterfeit run. The setup is then mounted on the wire
EDM machine as shown in Fig. 14. The programmer is then
clamped the component for cutting and positioned it so that the
cutting wire was 0.1 mm away from the cutting surface.
It is made sure that the gauges are on the free end away from
the clamping and that the cut is to be made along the x-
direction. The EDM wire cutting machine was operated at low
power and speed (0.5 mm/s) with a brass wire while
temperature-controlled de-ionized water kept ﬂowing continu-
ously, so that no noticeable thermal stresses are induced during
the process. The brass wire was loaded on a spool so that the
cutting length kept changing. This is done so as to keep the
wire from breaking. After all the machine settings are done, the
NI LabVIEW 2013 program is started and water is made to
ﬂow. At this point, the strain gauges are calibrated.
For 0.1 mm the clamping table moved without cut and then it
started cutting the shifter component veriﬁed by localized sparks
as shown in Fig. 15. Fig. 16 shows the screen shot of readings
along z direction after 0.2 mm cut has been achieved.
At this point the stresses on the surface y–z are released
which resulted in expand of the surface in the plane. This is
called surface compliance due to the crack generated and
hence the name. This expanding of the surface in y and z
directions is measured by the two strain gauges along them.
The slit is basically required just to cut the surface but was
progressed up to 4 mm to verify any further changes in strain
ﬁeld. Fig. 17 shows the ﬁnal component after cutting.
Fig. 13. Computer program in NI LabVIEW 2013 for measuring strain.
Fig. 14. Complete experimental setup.
Fig. 15. Shifter under cutting process.
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Temperature and stress in an alloy steel investment casting
are predicted with numerical and experimental methods.
Numerical method involved an uncoupled structural-thermal
analysis in commercial ﬁnite-element program ANSYS 12.0.
The stress results as shown in Fig. 7 are consistent with the
temperature distributions. Maximum value of residual stresses
was obtained as 6.352Eþ9 N/m2. Experimental residual stress
measurements were carried out using crack compliance
method along the depth of the cut which involveddetermination of residual stress by successive extension of a
slot and simultaneous measurement of the resulting strains
[14,15]. The progression of the slot causes the tensile residual
stresses to release and the outer surfaces to displace and adjust
the stresses. These displacements are measured by strain
gauges with the experimental setup as shown in Fig. 11 and
resulting stresses are measured directly using NI Lab-View
software. The experimental test results gives values of stresses
in y and z directions as 6.839Eþ9 N/m2 and 1.058Eþ6 N/m2
respectively at 0.2 mm depth of cut. To convert these stresses
into von-mises stress the following equation [13] is used.
s¼ sz2þsy2
 1=2 ð27Þ
where, sz and sy denote the stress values in z and y directions
respectively.
Using Eq. (27), the value of von mises stress at 0.2 mm
depth of cut was obtained as 6.839Eþ9 N/m2. This stress
value is the maximum value of residual stress on the surface
containing the strain gauges. Comparing this value with the
maximum value 6.352Eþ9 N/m2, obtained from ﬁnite element
analysis, it is seen that the residual stresses obtained by
experimental method are in good agreement. The difference
in the two values can be credited to the non-linearity in the
actual casting process and successive material handling.8. Conclusions
In this paper a numerical approach is presented to simulate
the development of residual stresses in precision casting. An
explicit ﬁnite element model is developed and applied to
simulate the heat transfer and stress development during the
solidiﬁcation of cast steel in a sand mold. The ﬁnite element
analysis showed the areas of maximum residual stresses. The
maximum value was 7.015 Eþ9 N/m2. The shape optimiza-
tion is done to minimize the residual stress subjected to
constraints of functionality and formability, and showed a
decrease in the values of residual stresses. The maximum value
for residual stress in the modiﬁed geometry is obtained as
Fig. 16. Screen shot showing the stress and strain readings at 0.2 mm cut.
Fig. 17. Finished component after cut.
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shifter gives the values of residual stresses as 6.839Eþ9 N/m2.
This value is closer to the numerical results. All these values
are lower than the yield stress of the material 28E+9 N/m2.
Thus the ﬁnite element model used for simulating the residual
stresses is proved correct. This model can be used indepen-
dently in future to predict residual stresses in precision casting
and also to reduce their magnitude by proper shape optimiza-
tion, as all the simulation results are in good accordance with
the accepted facts. The accuracy of the numerical method can
be further increased by taking smaller time increments.Conﬂict of interests
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